The results of the removal of chromium(VI) ions from the aqueous phase employing different algal biomasses as bio-adsorbents are presented. Batch and column experiments were performed to determine the maximum adsorption capacity of the selected adsorbents. Algae were immobilised by employing pumice or silica gel as alternative substances for polymer matrices. The effects of pH, contact time, initial Cr(VI) ion concentration and adsorbent concentration were tested.
INTRODUCTION
The environmental impact caused by industrial discharge, mining, electroplating, energy and fuel production, and intensive agricultural activities generate huge volumes of toxic liquid waste which make a significant contribution to environmental pollution. The application of traditional treatment techniques to this waste is extremely costly and requires the continuous input of chemicals, thereby making the process uneconomical and causing further environmental damage. The search for new technologies involving the removal of toxic metal ions from wastewaters has directed attention to bio-adsorption based on the metal ion-binding capacities of biological materials.
Biosorption may actively occur through metabolism or passively through some physical and chemical processes. Biosorption technology based on the utilisation of dead biomass offers certain major advantages, such as the lack of toxicity constraints, the removal of the need for a nutrient supply and the recovery of the bound metal ion species by an appropriate desorption method (Gadd 1990 ). The use of algae and micro-algae has been investigated and their capacity for reducing the heavy metal ion content of effluents described (Sánchez et al. 1999; Gupta et al. 2001; Tam et al. 2001; Gupta and Rastogi 2008) . For industrial applications, the use of an immobilised biomass for reducing the heavy metal ion content of effluents has been described (Sánchez et al. 1999; Gupta et al. 2001; Tam et al. 2001; Gupta and Rastogi 2008) . Employing silica gel, a polymer matrix or some other support improves the performance of the biomass and allows its use in many subsequent cycles (Volesky 1990) .
Chromium(VI) has been designated as a priority pollutant by US EPA (Laxman and More 2002). It is found as a contaminant in certain waters, soils and sediments, occurring primarily in the trivalent Cr(III) form or in the hexavalent Cr(VI) form. The trivalent form is necessary for the metabolism of fat and glucose and the proper functioning of insulin; it is 100-times less toxic than the hexavalent form (Ishibasi et al. 1990) . Leather tanneries produce a large amount of sludge and liquid wastes. These liquids contain many pollutants (chromium, SO [2] [3] [4] , NH + 4 , Cl -and Na + ions, organic matter, etc.) which, in most circumstances, adversely affect the quality of freshwaters. However, in some countries, such liquids are used for irrigation purposes (Hughes 2007) . Effluents containing chromium ions find their way into the environment at disposal sites where the chromium ions undergo oxidation reactions and form Cr(VI) ions (Bartlett and James 1979) . Because Cr(VI) compounds are more toxic than the corresponding trivalent form, they require greater attention due to their higher solubility in water, rapid permeability through biological membranes and subsequent interaction with proteins. Chromium(VI) is used extensively in various industries such as chromium plating, wood preservation and dye manufacture, and in paint, ink, dye, aluminium and leather manufacturing industries (Rappoport and Muter 1995; Gupta et al. 2001) .
Chromium(VI) is highly toxic, mutagenic and carcinogenic to humans and animals (Standeven and Wetterhahn 1989; Appennoth et al. 2000) , causing damage to the skin, mucous membrane and respiratory tract (Katz and Salem 1994) . The presence of Cr(VI) ions in the effluents associated with leather processing is due to incompletely reduced chromium tanning agents and metal complexing dyes containing Cr(VI) ions. These substances are known to be the primary sources of hexavalent chromium in leather tanning (Font et al. 1999) . Some auxiliaries in the post-tanning and finishing operations, respectively, may also contribute to the release of Cr(VI) ions into the effluent. The dosages of leather tanning effluents showing toxicity to sea urchins and algae were investigated by Meriç et al. (2005) .
Numerous regulations on the permissible limits of Cr(VI) ions in water and waste materials and the upper acceptable limits for Cr(VI) ions exist. For example, potable water containing more than 0.05 mg/ᐉ Cr(VI) ions is considered to be toxic (Vishwanatham 1997) and, for leather products, > 5 mg/kg Cr(VI) ion worn next to the skin is considered to be hazardous (Font et al. 1999) . Leather industries are one of the major polluting industries in Turkey. The main constituents of leather tannery effluents are sodium chloride, sodium sulphide, lime, chromium ions and organic matter such as proteins, fats, etc. The choice of metal ion for study in the work described herein was governed by its use in the leather industry in the local area and its potential pollution impact.
Pumice, a light, porous, volcanic rock formed during explosive eruptions, was used as the support material to immobilise the powdered algae. The use of pumice as a low-cost slow filtration method for removing pathogens from irrigation is a well-established process/procedure in horticulture (Wohanka et al. 1999) . Previous studies have demonstrated that pumice is a good candidate for filtration purposes and microbial growth. Thus, pumice has been used as a filter medium in water treatment (Andrievskaya et al. 1989 ) and for adsorbing phosphate (Njau et al. 2003) . This suggests that pumice would suitable as a medium for bio-filtration in water-treatment systems. It has been reported that pumice has been used in dual-media filtration systems (Pumex brochure 2000) . Geitgey (1994) has described the use of pumice as an adsorbent of grease and fats. Pumice modified with hexadecyltrimethylammonium bromide has been used for the removal of pesticides from water (Akbal et al. 2000) . Recently, the potential use of pumice for the removal of cyanotoxins from aqueous media has been described (Gurbuz and Codd 2008) .
The objective of the present study was to evaluate to the influence of pH on the removal capacity of algae towards Cr(VI) ions and to compare the adsorption performance of single metal ion systems in batch and immobilised systems for industrial applications. The removal of leather tannery effluents and biomass loading has been studied to demonstrate the adsorption capacity of selected biomasses when these systems are applied to aqueous wastes from leather industries.
EXPERIMENTAL

Chromium ion solution preparation and estimation
A known amount (2.828 g) of K 2 Cr 2 O 7 (obtained from Merck, Germany) was dissolved in 1 ᐉ of distilled water and used as a Cr(VI) ion stock solution (1000 mg/ᐉ concentration). This was further diluted to obtain concentrations suitable for adsorption studies. The concentration of Cr(VI) ions was determined colorimetrically using diphenylcarbazide reagent in acid solution, the absorbance being measured spectrophotometrically at 540 nm (Philip et al. 1998) . Leather tannery effluents containing Cr(VI) ions were supplied from a private leather plant in Isparta, Turkey. The characteristics of the leather tanning effluent are presented in Table 1 . The total Cr(VI) ion concentrations in the test solutions were determined employing flame AAS methods (PerkinElmer Analyst 800 instrument) at a wavelength of 357.9 nm.
Organism growth and pre-treatment of cells
A fresh sample of Spirogyra sp. algal biomass was collected from Lake Kovada, while Arthospira maxima, Chlorella sp. and Scenedesmus obliquus were grown in a batch system. For this purpose, the cultures were aerated with filtered air and illuminated at a light intensity of 3000 lux using a light/dark cycle of 16:8 (Wong et al. 2000) . Arthospira maxima was cultivated in Zorrouk medium (Vonshak 1986 ), S. obliquus was cultivated in modified SAG medium (Richmond 1986 ) while Chlorella sp. was cultivated in Erdschreiber medium (Hemerick 1978) . After cultivation, the algal biomass were first filtered through a GF/C filter, soaked in 0.1 N HCl and then rinsed with distilled water. The bio-adsorbents were dried overnight at 70 ºC in an oven, ground to a powder and stored in desiccators.
Biomass immobilisation and pre-treatment of pumice
For the technical application of algae, immobilisation appeared to be an appropriate method for avoiding both wash-out of the biomass and for enhancing its biosorptive action. The pumice chosen as a support material for the algal biomass was supplied by the Pumice Research Centre at Suleyman Demirel University, Isparta, Turkey. It was first ground and sieved to a size range of 600-1000 µm, then the pumice particulates were treated in succession with 3 M HCl, 0.5 M NaOH and 6 M HCl, washed with distilled water and dried at 575 ºC for 3 h to eliminate any impurities. All such samples were kept in desiccators until required for use (Jones et al. 1986 ). The pumice particles (25 g) and 0.5 g of dried biomass were mixed for the column experiments and packed into glass columns (15 cm × 2 cm i.d.) for adsorption studies. The arrangement employed for the column adsorption of Cr(VI) ions from aqueous solution is depicted in Figure 1 . The flow rate of Cr(VI) solution employed was 0.5 mᐉ/min. 
Adsorption experiments
For such adsorption experiments, 0.5 g dried biomass was employed and the effects of the pH and contact time on the removal capacity studied. Batch adsorption experiments were conducted in 250 mᐉ flasks employing a synthetic Cr(VI) ion solution of 100 mg/ᐉ initial concentration and a working volume of 100 mᐉ, with the flasks being shaken continuously throughout this procedure.
The solution was sampled at known time intervals with the filtrate being passed through 0.45 µm membranes to examine the decrease in the Cr(VI) ion concentration.
The Cr(VI) ion contents of the various solutions were calculated from the equation:
( 1) where C 0 (mg/ᐉ) and C t (mg/ᐉ) are the Cr(VI) ion concentrations in the aqueous phase in the absence and presence of biomass, V (ᐉ) is the volume of the solution, M (g) is the mass of biomass employed and C q (mg/g) is the amount of Cr(VI) ions adsorbed. The experiments were repeated three times and the average values are reported here. Previous studies on the adsorption of heavy metal ions from aqueous media have shown that the pH is the most important parameter affecting the process. Thus, to determine a suitable pH for the effective removal of Cr(VI) ions from aqueous solution by algal cells, experiments were performed at different initial pH values. In such experiments, 0.5 g of the immobilised bioadsorbent was employed and the pH of the solution varied from 1.5 to 6.5 by using 1 N HCl or 1 N NaOH, respectively.
The role of contact time has also been shown to be one of the important parameters in an adsorption experiment (Prakasm et al. 1999) . Hence, the effect of contact time on the removal behaviour was tested. These experiments were carried out under shaking flask conditions at a pH value of 2 and a shaking rate of 150 rpm using the Scenedesmus biomass. Samples were collected at intervals of 30, 60, 120, 180, 240, 300 and 360 min and analysed for their Cr(VI) ion concentration after filtration to remove biosorbents.
In the experiments to determine the effect of the initial Cr(VI) ion concentration, solutions containing 50, 100, 200, 300 or 400 mg/ᐉ Cr(VI) ion concentrations were used together with 1 g of S. obliquus biomass. Both free and immobilised biomasses were used to determine whether any differences existed between these two applications.
Unlike other reported studies (Gupta et al. 2001; Park et al. 2005a,b) , effluents from a leather tannery were used in the present study to determine the effect of biomass concentration on the total Cr(VI) ion removal and the suitability of the application for industrial use. Prior to all tests, the effluent was filtered to remove any organic materials and the Cr(VI) ion concentration of the filtered effluent measured. To determine the effect of the biosorbent dosage on the removal of Cr(VI) ions, column and batch experiments employing different dosages of S. obliquss biomass (0.25-1.0 g) were employed, with the biomass being suspended in effluents containing a fixed initial concentration of Cr(VI) ions. Batch experiments were conducted for 1 h and at the end of this period the Cr(VI) ion concentration was measured by AAS methods. All experiments were carried out at room temperature. The leather tannery effluent was stored at 4 o C until used.
Metal ion desorption
For the Cr(VI) ion desorption assays, the immobilised S. obliquus biomass (0.5 g) was initially exposed to the metal ion solution as described above and then decanted from the same. The Cr(VI) ion-loaded biomass was eluted with 20 mᐉ of 0.1 N HCl and the eluates collected to allow their Cr(VI) ion content to be determined. This procedure was repeated five times. The total desorbed Cr(VI) ion content was established by comparing the Cr(VI) ion released into solution with that present in the initial metal ion solution.
Statistical analysis
Statistical analysis was performed to find out the differences between the data derived from the batch and column tests. All such tests were conducted three times and the data from the replicate experimental treatments analysed using ANOVA (SPSS 10.0) software.
RESULTS
Effect of pH on the removal of Cr(VI) ions by immobilised algae
The first stage in the study was to examine the removal ability of the different algae towards Cr(VI) ions from aqueous solution at an initial concentration of 100 mg/ᐉ over the pH range 1.4-6.5. The results obtained are presented in Figure 2 . It was found that the removal rate of Cr(VI) ions by the algal biomass increased at lower pH values but then decreased as the pH value was increased. The maximum removal of Cr(VI) ions occurred at pH 2. In their studies, Park et al. (2005a,b) found that the rate of removal of Cr(VI) ions increased with a decrease in pH or with increases in the initial Cr(VI) ion and biomass concentrations. Ucun et al. (2002) reported that the maximum removal of Cr(VI) ions by Pinus sylvestris biomass occurred at pH values of 1.0-2.0. In the present work, the maximum extent of adsorption was achieved by Scenedesmus obliquus at a pH value of 2. Overall, S. obliquus adsorbed 94.7% of the Cr(VI) ion content while Arthospira maxima exhibited an adsorption capacity towards Cr(VI) ions which was close to 93%. Of the algae studied, Chlorella sp. exhibited the lowest metal ion adsorption capacity of all. For this reason, dried S. obliquus biomass was selected as the test adsorbent in subsequent studies. 
Effect of contact time on the adsorption of Cr(VI) ions by free alga
The effect of contact time showed that the maximum removal of Cr(VI) ions from aqueous solution by free Scenedesmus biomass occurred after a contact time of 1 h (Figure 3 ). It will be noted from the figure that adsorption was rapid during the first 30 min with 65.62 ± 2.4% Cr(VI) ions being removed. This removal extent increased further to 92.7 ± 4.12% after 1 h. Whereas very little of the adsorbed Cr(VI) ions were released during the first 2 h of the experiment, some removal of the adsorbed ions from the algal surface occurred as the sampling time increased further. The adsorption of Cu(II) and Cd(II) ions has also been reported to be biphasic in nature (Zhou et al. 1998 ) while a similar behaviour in the biosorption of Cr(VI) ions has been by Prakasham et al. (1999) . 
Effect of initial Cr(VI) ion concentration
The effect of the initial Cr(VI) ion concentration within the range 50-400 mg/g on its removal from aqueous solution at pH 2 using 1 g of free or immobilised Scenedesmus biomass was also examined, using equation (1) to calculate the Cr(VI) ion content of the various solutions. The immobilised biomass showed a slightly lower adsorption rate than the free biomass, although in both cases the extent of Cr(VI) adsorption decreased somewhat at higher initial Cr(VI) ion concentrations. Table 2 lists the maximum Cr(VI) ion reduction by unit dry weight of biomass at varying initial Cr(VI) ion concentrations. It will be seen from the data listed that the extent of Cr(VI) ion removal was higher at lower concentrations (50, 100 and 200 mg/ᐉ) with a reduced Cr(VI) ion uptake being observed at higher initial concentrations (300 and 400 mg/ᐉ). Statistically, the differences between the two methods were significant (p < 0.01) at higher initial Cr (VI) ion concentrations. In the present study, the maximum extent of Cr(VI) ion removal was 18.98 ± 0.32 mg Cr(VI)/g dry biomass for the free biomass and 18.37 ± 0.28 mg Cr(VI)/g dry biomass for the immobilised algae at an initial Cr(VI) ion concentration of 200 mg/ᐉ. Although the immobilised biomass showed a slightly diminished ability to remove Cr(VI) ions than the free biomass, immobilisation enables the system to be used for applications on an industrial scale. The results of various studies on the removal of Cr(VI) ions from aqueous media reported in the literature using different biomaterials are summarised in Table 3 .
Effect of adsorbent dosage employing batch and column experiments
To determine the effect of adsorbent dosage, varied amounts of S. obliquus (0.25-1.0 g) were either suspended in 100 mᐉ of the filtered effluent or entrapped with pumice particulates in the glass column under optimised pH conditions. The Cr(VI) ion content of the leather tannery effluent studied was found to be 85 mg/ᐉ. In a batch system, immobilised biomass (1 g) was capable of removing > 66% Cr(VI) ions from the effluent, whereas the same mass of free biomass removed 77% Cr(VI) ions. The amount of adsorbent present in the system also had a significant influence on the extent of Cr(VI) ion adsorption. Thus, with 0.25 g of the free biomass, the total Cr(VI) ions adsorbed was found to be 32%, which increased to 77% when 1 g of adsorbent was employed. Similar results were obtained with column experiments. In this case, the total percentage of Cr(VI) ions adsorbed by 0.25 g of the immobilised biomass was 27%, which increased to 68% when 1 g of immobilised biomass was employed in the column (Figure 4 ). It will be noted from the data depicted in the figure that pumice particulates on their own also showed an ability to remove some Cr(VI) ions in the control tests. The difference between the influence of the immobilised and free biomass was found to be significant (p < 0.01). It was observed that the biomass adsorbed more metal ions at lower initial Cr(VI) ion concentrations, whereas a higher adsorbent dose resulted in a lower adsorption capacity. The extent to which Cr(VI) ions were removed from the leather tannery effluent by S. obliquus was lower than that obtained employing a synthetic Cr(VI) ion solution. The adsorption of Cr(VI) ions was also affected by the presence of other competing substances in the effluent, decreasing to ca. 30% for 0.5 g of biomass under these circumstances. Thus, 0.5 g of Scenedesmus biomass removed 94.7% Cr(VI) ions from the synthetic solution, the same amount of Scenedesmus biomass was only capable of removing 66% Cr(VI) ions from the tannery effluent.
Desorption
The regeneration of loaded adsorbents, thereby enabling the re-use of the adsorbent material, can be an important factor in influencing the economic viability of a given water-treatment process. Some adsorbents may be regenerated by washing out with an appropriate solution whose type and strength depends on the nature of the material adsorbed. Thus, dilute solutions of mineral acids such as hydrochloric, sulphuric, acetic and nitric, or bases such as sodium hydroxide and complexing agents such as EDTA have been used for eluting adsorbents so they can applied in further cyclical processes Gupta and Rastogi 2008) . Hence, the economical aspect of adsorption systems is an important issue, with non-destructive recovery by mild and Amt. of biomass employed (mg) % Adsorption of Cr(VI) ions cheap desorbing agents being desirable for regeneration of the biomass and its re-use in multiple cycles (Vijayaraghavan and Yun 2008) .
In the present study, columns which had been pre-loaded with Cr(VI) ions were eluted five times with a 20 mᐉ volume of 0.1 N HCl. The total recovery achieved by this process amounted to 85% of the loaded Cr(VI) ions from S. obliquus and 89.5% for Arthrospira maxima.
DISCUSSION
The removal of Cr(VI) ions from aqueous solution by algal biomass has been investigated in this study. It has been shown that the adsorption capacity of the algal biomass towards Cr(VI) ions was influenced by the pH of the solution, the contact time and the dosage of bio-adsorbent employed. The pH of the aqueous phase strongly affected the adsorption capacity, with the maximum removal of Cr(VI) ions occurring at pH 2.0. Both algal biomasses studied, viz. Scenedesmus obliquus and Arthrospira maxima, were efficient in removing Cr(VI) ions from aqueous solution, with a removal percentage of > 92% being observed.
Since biosorption with a non-living biomass is similar to an ion-exchange process, it is not surprising that the pH value has a significant effect on the metal ion uptake. The pH influences both the binding sites on the biomass surface as well as the solution chemistry of the metal ion concerned (Fourest et al. 1994; Matheikal and Yu 1996) . The cell walls of algae contain a large number of surface functional groups (Tsezos and Volesky 1981; Veglio and Beolchini 1997) and Aksu et al. (1991) have hypothesised that the biosorption of Cu(II) ions by C. vulgaris and Z. ramigera takes place through both adsorption and coordination bonds between the metal and cell surface. Holan et al. (1993) proposed that an additional mechanism, such as the entrapment of metal ions in the form of insoluble micro-deposits, can also contribute to the adsorption of Cd(II) ions by marine algae biomass.
Yang and Volesky (1999) suggested that Cr(VI) behaves as an oxo-anion with an overall negative charge such as Cr 2 O 7 2-, HCrO -4
and CrO 4 2-in aqueous solution. In addition, a decrease in pH would increase the overall positive charge of the adsorbent and, as a result, it should be capable of attracting more negatively charged metal ions. The increased adsorption of Cr(VI) ions observed at pH values < 3.0 in the present work suggests that the negatively charged Cr(VI) ion species bind through electrostatic attraction to the positively charged functional groups on the surface of the algal cell walls, because more functional groups carrying positive charges would be exposed at such pH values (Gupta et al. 2001; Park et al. 2007) . In the present study, removal of Cr(VI) ions at pH values greater than 2.0 was also observed. However, at pH 4 and above, the algal cell walls apparently possessed more functional groups carrying a net negative charge which tended to repel anions. As a consequence, the adsorption capacity was considerably reduced. This implies that, at pH > 2.0, other mechanisms such as physical adsorption play an important role in the overall adsorption mechanism.
It has been reported recently that Cr(VI) ions are completely reduced to Cr(III) ions by nonliving fungi and seaweed under acidic conditions in both the aqueous and solid phase if the system is sufficiently acidic and sufficient contact time is allowed. The removal of Cr(VI) ions by the dead fungal biomass of Aspergillus niger has been observed when it was suggested that the main mechanism for such removal from aqueous solution involved a redox reaction between the Cr(VI) ions and the dead fungal biomass (Park et al. 2005a) . In a subsequent publication, Park et al. (2007) provided reliable evidence that the removal mechanism of Cr(VI) ions by natural biomaterials involved an "adsorption-coupled reduction". In this study, 16 natural biomaterials were examined for their ability to remove Cr(VI) ions from aqueous solution, with the total Cr(VI) ion content remaining in the aqueous phase also being analysed.
The effect of contact time showed that the adsorption of Cr(VI) ions by free Scenedesmus biomass attained a maximum value after 1 h. The rate of uptake of Cr(VI) ions was very fast during the first 30 min but then reached a stable value, indicating the attainment of equilibrium. The amount of Cr(VI) ions adsorbed onto the biomass did not change significantly with time after this stage. This low further increase occurred because very few surface active sites remained available on the algal cell walls. Basha et al. (2008) have suggested that this result is typical for the biosorption of metal ions where no energy-mediated reactions are involved, and where the removal of the metal ions from solution is due to purely physicochemical interactions between the biomass and metal ion in solution. Similar adsorption kinetic data were reported earlier in previous studies (Preetha and Virutharin 2007a,b; Elangovan et al. 2008a; Park et al. 2008) .
In the present study, it has been found that the maximum extent of Cr(VI) ion removal by unit weight of dry biomass increased with increasing initial Cr(VI) ion concentration. Similar results have been reported by Park et al. (2005a,b) . Such a decrease in the removal of metal ions with enhanced metal ion concentration indicates that the adsorbent is only effective in dilute metal ion solutions. Gupta et al. (2001) studied the sorption of Cr(VI) ions by green algal Spirogyra species and found that the maximum removal of Cr(VI) ions was ca. 14.7 mg/g dry biomass weight. Sadettin and Dönmez (2007) showed that the blue-green alga Phormidium sp. could bioaccumulate both Reactive dyes and Cr(VI) ions. They calculated that the maximum removal extent was 9.46 mg/g. Sorptive and desorptive studies of Cr(VI) ion removal onto non-viable freshwater cyanobacterium (Nostoc muscorum) biomass has also been studied (Gupta and Rastogi 2008) and the maximum adsorption capacity shown to be 22.92 mg/g at pH 3.0. Elagovan et al. (2008) have reported that pre-treatment of the biomaterial with an acidic wash increased the extent of Cr(VI) ion removal and resulted in a slower rate of Cr(VI) ion conversion to Cr(III) ions.
According to the results reported in Table 2 for the maximum extent of Cr(VI) ion removal by free and immobilised S. obliquus algae, a slight decrease occurred in the extent of removal when pumice-supported algae were employed. The biomass was attached to the pumice particulates at least on one side, thereby making some binding sites only partially available to metal ions. Hence, a lower specific metal ion adsorption capacity was observed. Mungasavalli et al. (2007) found a similar decrease in the removal rate employing a column packed with Aspergillus niger biomass. Fu and Viraraghavan (2003) reported that immobilisation of A. niger biomass in a polysulphone matrix reduced the rate of Cr(VI) ion uptake, while Bai and Abraham (2003) and Deepa et al. (2006) both reported a reduced Cr(VI) ion uptake by immobilised R. nigricans and A. flavus biomasses as compared to the use of the powdered biomasses in batch experiments. Bai and Abraham (2003) suggested that this could be attributed to the formation of a physical barrier around the entrapped biomass material. The matrix thereby hindered the accessibility of Cr(VI) ions to the interior sites of the beads/gels. Pinto et al. (2003) studied the removal of phenols from olive oil mill wastewater using both free and immobilised micro-algae and found that the free cell culture exhibited a greater removal rate compared to the immobilised culture. Similarly, Katırcıoǧlu et al. (2008) compared the adsorption behaviour of dry immobilised Oscillatoria sp. biomass, both in the live and heat-inactivated form, and showed that immobilised inactivated Oscillatoria exhibited a lower adsorption capacity than the dry (free) biomass. However, Veglio and Beolchini (1997) suggested that immobilisation was advantageous in that it created a material of the right size, mechanical strength and porosity necessary for use in columns. In addition, immobilisation of the biomass in a polymeric matrix or in other supports improved its performance and allowed its use in many subsequent cycles. For this purpose, pumice was preferred for entrapping the biomass since it could be re-used and, more importantly, the availability of such a low-cost material for environmental protection measures could be important from an economic viewpoint. The porous structure of pumice provides a large number of attachment sites for microbial growth and, since no toxic effect to the environment has been reported, this makes it ideal for biotechnological uses.
The leather tanning industry is a prime pollution source since the effluent generated includes sulphide, chromium, oil and grease, ammonia and organic matter (Meriç et al. 2005) The total adsorption of Cr(VI) ions from such effluent is difficult since different types of ions are present at different Cr(VI) ion concentrations. When Cr(VI) ions come into contact with biomaterials, especially in acidic solutions, they are readily or even spontaneously reduced to Cr(III) ions. However, according to Park et al. (2007) , Cr(VI) ions are stable in normal aquatic environments and usually exist as CrO 2 4-ions that can enter cells via a sulphate transport system. Once inside the cell, the CrO 2 4-ion can cause oxidative damage to DNA and other cell components through the production of more reactive intermediate Cr(V) and Cr(IV) species, thereby producing toxic, mutagenic and carcinogenic effects on biological systems (McLean and Beveridge 2001) .
Reducing the amount of biomass employed in the system at a given initial Cr(VI) ion concentration enhances the metal/biosorbent ratio and thus the specific metal ion uptake is increased (Pons and Fuste 1993) . Similar results have been reported by Sekhar et al. (1998) who demonstrated that the free biomass adsorbed more metal ions at low cell densities than immobilised biomass (Nakajima and Sakaguchi 1993). Ferguson et al. (1989) also showed that the biosorption capacity increased when the initial metal ion concentration increased, provided that the surface binding sites remained unsaturated; however the fraction of metal ions bound by immobilised P. laminosum biomass decreased with increasing amounts of available metal ions. The low adsorption capacity could be attributed to the presence of interfering matrices in the effluents, such as cations and organic substances of animal origin which compete with the Cr(VI) ions for the available binding sites. Low adsorption levels may also be attributed to the presence of other binding materials such as ligands capable of binding Cr(VI) ions more strongly than the algae, thereby making the metal ion unavailable for adsorption by the algae. Similar results have been reported in previous studies (Kiptoo and Ngila 2005; Onyancha et al. 2008) .
The removal of Cr(VI) ions is also affected dramatically by the presence of other components in leather tannery effluents. Thus, Sánchez et al. (1999) showed that uptake of Zn(II) ions was dramatically decreased when Cu(II) ions were present in the system. Algae offer an economical approach as a cheap material for the removal of Cr(VI) ions from industrial effluents. Bearing in mind the advantages of algae, such a system shows a strong potential for commercial exploitation in the treatment of waste effluents. In addition, pumice as used in this study successfully immobilised algae. When treated with HCl, the extent of Cr(VI) ion desorption from Cr(VI) ion-saturated S. obliquus algal biomass was in the range of 85-89.2%. It should thus be possible to adapt the process to continuous use allowing the adsorbent to be fully regenerated and re-used. Gupta and Rastogi (2008) studied the desorption of Cr(VI) ions with different eluants and found that 0.1 M EDTA and 0.1 M HNO 3 were the most efficient of all the desorbents studied. They also showed that the biosorbents tested could be used repeatedly for the adsorption of Cr(VI) ions without any significant losses in their initial adsorption capacities. Desorbing eluants act differently depending on the type of biosorbent, as demonstrated by earlier studies. Also, the eluants must meet the following requirements: (a) be non-damaging to the biomass, (b) less costly, (c) environmental friendly and (d) effective.
In the present study, HCl was used as the eluant since it was both a moderate desorbing agent which had no bleaching effect on the surface of biomass; the latter had already been pre-washed with the acid in order to stabilise the algae and retain the reactive sites intact (see Section 2.2 above). The results presented were the mean of five desorption cycles. For both algal biomasses studied, the percentage desorption of Cr(VI) ions was low during the first and second cycles, increased up to 90% in the third cycle, while the value increased further to 95% and 98% in the fourth and fifth cycles, respectively. The lower desorption observed in the first and second cycles was attributed to the strong binding capacity of some of the functional groups. Increasing the length of the acid-washing procedure probably caused the increasing removal of the Cr(VI) ions from the algal biomasses. Elangovan et al. (2008b) studied the potential of re-using palm flower as an adsorbent for Cr(VI) ions and employed both strong acids and alkalis as desorption eluants. Repeated treatment with 5 N H 2 SO 4 considerably reduced the weight of the adsorbent; thus, ca. 17% weight loss occurred in the first wash, followed by a further 20% weight loss in the second wash. Earlier studies by Elogavan et al. (2008a) , using raw and acid-washed adsorbents, showed that whereas the adsorption of Cr(III) ions was adversely affected by acid treatment, similar treatment led to a significant increase in the adsorption of Cr(VI) ions. However, Gupta and Rastogi (2008) showed that the adsorption capacity of the biosorbent showed little noticeable change during repeated adsorption/desorption cycles, with the maximum change observed with the tested adsorbent being only 10-15%. These results showed that the test biosorbent could be used repeatedly in Cr (VI) ion adsorption studies without significant losses in its initial adsorption capacity.
Algae can be readily obtained and cultivated, requiring lesser amounts of nutrients than bacteria. Thus, the process has the potential of becoming an economical and eco-friendly alternative to conventional chemical adsorption processes (Gurbuz et al. 2004) .
FURTHER STUDIES
The adsorption capacity of pumice itself needs to be examined by employing different types of pumice or modifying its surface charge to allow higher removal capacities for mixed systems. The removal of metal ions from effluent wastes could also be optimised by studying various algal biomasses and enzymes.
